Effect of oil temperature and viscosity on the ring gear orbit in the internal gear motor and pump is analyzed in this study. The mobility method is used to calculate the ring gear orbit. The mathematical model of oil viscosity and temperature is then integrated into the mobility method. The simulation results point out that the oil temperature and viscosity have great effect on the eccentricity, position angle and minimum oil film thickness. The metal -to -metal contact phenomenon occurs if internal gear motor and pump operates under high values of oil temperature or low values of oil viscosity conditions.
INTRODUCTION
Internal gear motor and pump (IGMaP) is used widely in many industrial applications such as construction machines, automobile or marine machines. An IGMaP is considered as the heart of hydraulic system. The efficiency and performance of IGMaP have much effect on the working efficiency of the whole hydraulic system and machine. A large number of studies relating to IGMaP have been carried out so far. One of the interesting topics concerning to IGMaP is the pressure and flow pulsation [1, 2, 3] . Determination of the internal friction moment inside IGMaP is also performed by some researchers such as Inaguma [4] in 2006 and Paszota [5] in 2010. In addition, the efficiency of IGMaP is also attracted researchers such as Inaguma [6, 7] in 2013, Song [8] and Khalid [9] in 2016. The sound levels caused by gear motors and pumps are also received great attention from the manufacturers as well as the researchers e.g., Paffoni [10] in 2003, Casoli [11] in 2005 or Mao [12] in 2012.
The instability is an unwanted phenomenon because it can cause the solid contact between the rotor and stator. Ahmad [13] , in 2010, performed a survey for the rotor contact phenomenon in rotor dynamics. He pointed out that some main parameters effect on the rotor stability such as stiffness, damping, preload and acceleration of rotor. In the study [14] in 2017, lots of experiments for IGMaP were conducted by Pham. He pointed out that the solid contact between the rotor and stator was found when instability occurred for both cases: at high pressure and low speed and low pressure and high speed conditions.
Up to now, lots of studies relating to IGMaP have been released. All of them only concerned the 'outside' resulting parameter or process of the gear pump, e.g., pressure and flow pulsation, efficiency, noise or frictional moment. Prediction of the ring gear orbit is the fundamental issue to analyse the dynamic behaviour of IGMaP. However, studies regarding to determine the effect of oil temperature and viscosity on ring gear orbit of IGMaP have been not released. The reason is that in order to calulate the ring gear orbit under the different operating conditions, it requires a mathematical model that faithfully describes the dynamic behavior. Meanwhile, there is lots of phenomena happened inside IGMaP such as the development of the internal friction, axial and radial movement of the ring gear and pressure distribution. It makes the building of an accurate mathematical model is complex. Pham in study [15, 16] successfully applied the mobility method to predict the ring gear orbit. The working oil is known as the blood in hydraulic system. The temperature and viscosity are the most important characteristics of working oil. The effect of oil temperature and viscosity on the ring gear orbit have been not released so far. With the proposal approach presented in this paper, effect of oil temperature and viscosity are investigated with the help of mobility method.
MATHEMATICAL MODEL
An internal gear motor and pump contains three main parts, i.e., a driving gear, ring gear and housing. The outer ring gear and inner housing is separated by oil lubrication thin film. For IGMaP, this oil lubrication is also the hydraulic oil. Figure 1 shows the cross section of internal gear motor and pump. During operation, the ring gear center is eccentric compared to the housing center. The value of eccentricity is dependent not only on the working pressure and rotating speed, but also on oil temperature and oil viscosity. The appearance of eccentricity leads to the minimum film thickness is decreased at some points meanwhile increased at some other points as shown in Fig. 2 . The large reduction of oil film thickness can lead to the solid contact phenomenon between the outer ring gear and inner housing. Based on the geometry of IGMaP, the oil film equation is formed as follows [15] :
Where:  is the eccentricity ratio; i.e., the ratio of eccentricity to radial clearance (e/c);  is the angle from the centre line (ZZo) to the measured point (H) along with the circumferential direction; c is the radial clearance; i.e., the difference between the radius of the housing (rh) and the ring gear (r). c = r -rh (2) The trajectory of the ring gear center changing over time can be determined through two parameters, i.e., the eccentricity (  ) and the position angle (  ). Booker [17] introduced two mobility components thereby allowing the definition of the eccentricity and the position angle as follows,
In which, F is the radial force acting on the ring gear; D is the diameter of the ring gear; L is the length of the ring gear; ε M , M  are mobility components;  is the dynamic oil viscosity. Details of application of mobility method for prediction of ring gear orbit as well as the computational procedure can be found in study [15] . Dynamic Viscosity of the lubricant oil as a function of temperature can be computed according to Vogel-Cameron [18] as follows,
Where: C = 95°C is the constant coefficient; A and B is the fluid specific constant, for HLP 46, A = 0.054 mPa.s, B = 921°C, T is oil temperature.
A calculation tool has been written in Matlab software to optimize the calculation time. The temperature and viscosity are integrated into the mobility method. Consequently, the effect of oil temperature and viscosity on the ring gear orbit can be analysed.
NUMERICAL RESULTS AND DISCUSSION

Effect of oil temperature
Effect of oil temperature can be analysed through the dynamic viscosity of working oil.
The ring gear orbit for various values of oil temperature is presented from Fig. 3 to Fig. 10 . Based on the observation from these figures, one can see that the shape of ring gear orbit is almost the same for all cases of oil temperature. For low values of oil temperature, the eccentricity has small value meanwhile the minimum film thickness has large value. The eccentricity increases with the increase of the oil temperature. This can be explained by the decrease of the dynamic viscosity regarding with the increase of the oil temperature.
From Fig. 10 one can see that the ring gear has been traversed out of the permissible circle (c = 1.0), this means that the solid contact between the outer ring gear and inner housing has been occurred. The metal to metal contact occurred at angle position of 237°. The efficiency as well as the lifespan of IGMaP has been great affected owing to the solid contact. This is an unwanted phenomenon. Effect of oil temperature on the eccentricity, position angle and minimum oil film thickness are described in Fig. 11, Fig. 12 and Fig. 13 respectively. From these figures one can see that the eccentricity and position angle increase with the increase of the oil temperature meanwhile the minimum oil film thickness decreases with the increase of the oil temperature. This means that for specific working condition if the internal gear motor and pump operates under the high values of oil temperature, the oil film thickness between the ring gear and housing will become small. It can lead to the solid contact between the ring gear and housing owing to the failure of the oil film. It should be noted and avoided in real operation. 
Effect of Oil Viscosity
Effect of the working oil type on ring gear orbit is presented from Fig. 14 to Fig. 21 . It is obviously to see that the viscosity has great effect on the ring gear orbit, e.g. for low value of oil viscosity the eccentricity of ring gear has high value. It can see from Fig. 14 that the ring gear traverses out of the allowable circle (c = 1.0), the eccentricity excesses the maximum permissible value,  = 1.13. This means that the solid contact between the outer ring gear and inner housing is occurred. However, for high values of oil viscosity, the eccentricity of ring gear is reduced. The solid contact phenomenon does not appear. For example, with oil type HLP 150, the eccentricity of ring gear is only about 0.51. Effect of oil viscosity on the eccentricity, position angle and minimum oil film thickness are described in Fig. 22, Fig. 23 and Fig. 24 respectively. From these figures one can see that the eccentricity and position angle decrease with the increase of the oil viscosity meanwhile the minimum oil film thickness increases with the increase of the oil viscosity. This means that for specific working condition if the internal gear motor and pump operates under the high values of oil viscosity, the oil film thickness between the ring gear and housing will become large. Consequently, it avoids the solid contact phenomenon between the outer ring gear and inner housing. 
CONCLUSION
Using Mobility method, the effect of oil viscosity and oil temperature on ring gear orbit can be easily analysed. Based on numerical results presented in this study, some conclusions can be drawn as follows:
(1) For low values of working oil temperature, the eccentricity has small value and vice versa. For specific working condition, if the temperature of working oil is sufficient high, then the ring gear will traverse out of the permissible space. Consequently, the solid contact between the outer ring gear and inner housing will occur. Thus, IGMaP should not operate at high value of oil temperature.
(2) The eccentricity, position angle and minimum film thickness are varying for different type of working oil or in other words the oil viscosity. IGMaP runs well at high values of oil viscosity. If the value of oil viscosity is too low, it can lead to the metal to metal contact phenomenon between the outer ring gear and inner housing. It is, therefore, the selection of working oil type for different working conditions must be performed carefully. Otherwise, the lifespan of IGMaP will be reduced much sooner.
